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1 Introduction

Heavy quarkonium is perhaps the best QCD laboratory in existence. Much of what
we presently know about the fundamental interactions in nature has resulted from the
study of two-body bound states. The hydrogen atom, the deuteron and positronium
have provided valuable mechanisms for studying quantum mechanics, the theory of
nuclear forces and QED. In the same way, one might hope that the study of two-body
bound state systems built from heavy quarks will lead to a detailed understanding of
at least some of the fundamental properties of strong interactions.

While it is possible to gain some qualitative insights into strong interactions by
studying bound states built from light quarks, it is not possible to reach more precise
conclusions because of the additional complexities introduced by large relativistic
corrections and long range confinement. Charmonium, ¢ bound states, has provided
us with the first QCD laboratory where the system could be considered to be at least
approximately non-relativistic while at the same time lending itself to perturbative
calculations. The substantial mass of the charmed quark (m, ~ 1.5 GeV) corresponds
to bound states sufficiently small to begin to probe the asymptotically free component
of the strong interaction. The study of ¢¢ as well as bb bound states has greatly
enhanced our understanding of the strong interaction between elementary particles.
The scope of this article will be to review what has been learned to date, particularly
on the experimental front, as well as to look at what remains to be done.

2 Discovery of the ¢ quark

Prior to 1974, two lepton doublets (e and u) and three quark flavors (u,d,s) were
known to exist. The original motivation for a fourth quark was primarily an aesthetic
one intended to lend symmetry to the quark and lepton sectors [1]. More convincing
technical arguments were put forth in 1970, showing that the introduction of a fourth
quark could eliminate the problem of unwanted strangeness-changing neutral currents
and could alleviate other higher order problems.

In the case of the leptons, coupling to the W takes place only within a particu-
lar SU(2) doublet, giving rise to conservation of electron and muon numbers. The
coupling of the W to quark doublets is not quite so simple however. Decays such as
A — p + e + 7¢ involve the coupling s — u + W~ across generational boundries. In
1963, when only the u, d and s quarks were known to exist, Cabibbo [2] suggested
that the W coupled, not to the physical quarks, but to the Cabibbo rotated states n
and d, where

d. = dcosl, + ssind,. (1)

f. is known as the Cabibbo angle. This prescription gives strangeness-conserving
processes a strength cosf. while strangeness-changing processes in which the d quark is
replaced by an s quark have a strength sinf.. Experimentally, it has been determined
that sinf. ~ 1/5, thus the strangeness-changing processes are 20 times weaker than
strangeness-conserving processes. The weak interactions are therefore seen to almost
respect quark generations.



Cabibbo’s theory was very successful in predicting any number of weak decay
rates, but it could not account for the extremely small rate of decay measured for the
process Ky — ptp~. This was just one symptom of a very general problem related
to the observed suppression, relative to theoretical expectations, of flavor-changing
neutral currents (another related problem was a very large predicted Ky — Ks mass
difference). The diagram for this process is shown in figure 1. Although this diagram
would seem to contribute to the second-order weak interaction, the loop integral
enhances its strength, making it comparable to a first-order diagram.

This problem prompted Glashow, Iliopoulos and Maiani to propose a radical new
solution which has come to be known as the GIM mechanism [3]. The GIM mechanism
predicts the existence of a fourth quark, the charmed or ¢ quark, in an SU(2) doublet
with s, where

8. = scosfl. — dsind.. (2)

The new quark is given a new quantum number, charm (C), which is conserved in
strong and electromagnetic interactions in the same way as strangeness {S). The
¢ quark now couples through the charged current to s, re-establishing symmetry
between the two quark doublets and the two lepton doublets. Suppression of the
decay rate of Kz — pTp~ is re-established by the addition of the diagram in figure 2,
where the amplitude is proportional to -cosfsinf,, which cancels the diagram in
figure 1, where the amplitude is proportional to cosfsinf.. The cancellation is, in
fact, not exact due to the mass difference between the u and ¢ quarks leaving a small,
but finite branching ratio for Kz — p*p~. Additionally, by introducing only diagonal
terms in the neutral current (u-u, d-d, s-s and c-c couplings only) diagrams such as
the one in figure 3 are forbidden, thus effectively eliminating strangeness-changing
interactions.

In spite of the technical success of the GIM theory, it was not taken very seri-
ously at first. Proposing the existence of a new quark to fix a few esoteric theoretical
problems seemed a bit extreme to many. That all changed in November of 1974 when
the physics world was shaken by the discovery of a new and very odd particle, the
J/4(3097). The J/v was independently discovered by two groups almost simulta-

neously. One group [4], working at Brookhaven National Laboratory, saw it as an
enhancement in the reaction

pBe — ete” + anything (3)

while another group [5], working at the SPEAR machine at SLAC, saw it in the
reaction

+

e”e” — hadrons. (4)

The data was soon independently confirmed by another group at Frascati [6] who
also observed reaction 4. A few days after the discovery of the J/+ another heavier
state was found with a mass of 3684 MeV at SPEAR. It was interpreted as being the
', the first radial excitation of the J/+. Analysis of the shapes of the yield curves,
taking into account the broadening due to finite beam-energy spread and initial-state
radiation, led to determination of the full widths 69 + 15 keV and 228 =+ 56 keV for
the J/v and ', respectively.



These new particles, and the others which would soon follow, were taken to be
bound state mesons of the form cg, built from the charmed quarks first hypothesized
10 years previous. The properties of these particles demonstrate quite conclusively
that this is the case.

It was quite remarkable to have found a new particle with such a large mass and
yet such a narrow width. Ordinary strong interaction resonances have widths which
are typically on the order of a few hundred MeV and seem to increase with increasing
resonance mass. While the J/¢ total width is so stunningly small, its leptonic width
into ete™ is about 4.8 £ 0.6 keV which is typical of ordinary vector mesons.

The OZI rule was invented to describe the decay of the ¢ meson, but it can also be
invoked to help understand the the width of the J/¢». The OZI rule was formulated
independently by Okubo, Zweig and Iizuka [7] and postulates that disconnected quark
diagrams are suppressed relative to connected diagrams. The ¢ is a bound s3 state,
permitting the OZI allowed and forbidden decay diagrams of figure 4a and 4b to
K*K~ and 3w, respectively. From the diagrams, one would imply that the decay
rate of ¢ — 37 is suppressed relative to the decay rate of § - K+K—. The fact
that the width of the ¢ is about 4 MeV, a factor of 20 or so smaller than a typical
hadronic decay width, is due to the fact that the OZI allowed decay has very little
phase space available to it since the ¢ mass is just barely above the KK threshold.

In direct analogy with the ¢ meson, one would expect the J/1# to decay pre-
dominantly into pairs of charmed and anti-charmed mesons. However, the lightest
charmed meson, the D, has a mass of 1863 MeV leaving the J/(3097) (as well as
the ') below the DD mass threshold. As a result, the J/¢ must decay to particles
which do not contain charmed quarks. So the narrowness of the J/% is the result of
energy conservation which only allows decay through OZI suppressed channels.

The OZI rule has never been placed on a firm dynamical foundation and it should
be considered only as a phenomenological selection rule. The same principles can be
better described in terms of the QCD rules for the coupling of quarks and gluons.

The discovery of these new particles, which brought the 1976 Nobel Prize to Ting
and Richter, initiated a string of experimental discoveries. The experimental status
of charmonium spectroscopy is shown in figure 5. There would seem to be a large
number of radial excitations of the J/9 (some of these may actually be mixtures of
various states) in direct analogy to the case of positronium. The states lying above
the DD threshold are fairly broad resonances while those lying below the open charm
threshold are relatively narrow, as dictated by the OZI mechanism.

The existence of charmed mesons, a bound state containing a ¢ quark and one of
the light antiquarks, was predicted in the original paper of Bjorken and Glashow [1].
The charmed D meson was discovered at SLAC in 1976 through production in ete~
annihilation [8]. Since the charm quantum number is conserved in strong and elec-
tromagnetic interactions, the D meson can only decay through weak interactions.
Since weak interactions do not conserve parity, one should expect to observe parity
non-conservation in the decay of the D meson. Parity violation was indeed ohserved
in the Decay of the D meson at SLAC by studying the Dalitz plot of the decays
DY - K-n*txt + C. C. [9].

Excitations of the D mesons, known as the D* mesons, have also been observed.



The D* mesons decay strongly into D and electromagnetically into D+,

When all of this information is taken together; the narrow peaks below DD thresh-
old, the broad peaks above threshold, intermediate P states, D mesons with parity
non-conserving decays, and excited D* mesons, there can be little doubt as to the
existence of the predicted c quark.

3 Basics of QCD

Quantum chromodynamics (QCD) is the only serious candidate for the theory of
strong interactions. The term chromodynamics was coined by Gell-Mann in reference
to the most fundamental property of quarks; their color, Color was first introduced to
resolve a problem with the Fermi statistics of the @~ hyperon, a spin 3/2 object built
from three identical fermions (s quarks) with their spins aligned. A new quantum
number was needed to differentiate the quarks from one another and to restore the
Pauli principle. This new degree of freedom was color.

All of the fundamental interactions are thought to respect symmetry under color
exchange. This symmetry can be viewed as a new SU(3) symmetry which we will refer
to as SU(3)., not to be confused with the ordinary SU(3) of flavor. Unlike ordinary
SU(3), SU(3). is an exact symmetry. This leads to the requirement that all ordinary
hadrons which appear as free particles must must be color singlets, meaning they
have no net color,

QCD is constructed by extending the global SU(3). symmetry to a local gauge
symmetry. This leads to the introduction of 8 massless vector gauge fields, or colored
gluons, which interact with the spin 1/2 quark fields which come in 3 colors. The
gluons mediate the force between quarks and couple to color in much the same way
as photons mediate the electromagnetic force by coupling to charge. Since gluons
carry color, they not only interact with quarks, but with each other, resulting in an
inherently nonlinear theory. Such theories are referred to as non-Abelian.

While QCD bears some similarity to QED, QCD is actually a much more com-
plicated theory. QCD is a renormalizable theory, like QED, so that the ultraviolet
divergencies that normally appear in perturbation theory can be handled in the usual
way, QCD is known to possess the rather amazing property of asymptotic freedom
and is thought to possess the property of color confinement. These two properties,
for which there is no QED analog, are the most important characteristics of QCD for
the purposes of our discussion.

In QED, the loop diagram in figure 6, where a virtual photon momentarily converts
into an ete” pair, leads to a dependence of the electromagnetic coupling constant a
on the momentum transfer q:

(0)

oflg'h) = a0t + G (gl (me)] (1] = ~a" > (me)).  (5)

Equation 5 is only valid to order a(0)?. As the distance between charges is decreased,
corresponding to larger |¢?|, the electromagnetic coupling strength increases as 1/r.
This is interpreted as a consequence of ‘vacuum polarization’ where the vacuum pos-
sesses dialectric properties which leads to partial screening of the charge. The charges
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experience less screening as they are brought closer together, thus increasing the ef-
fective charge.

We see a similar process in QCD where the diagram in figure 7, in which a gluon
couples momentarily to a ¢g pair, gives rise to color screening of much the same form
as that expressed in equation 5. Additional complications arise in QCD because of
the self interaction of gluons which give rise to diagrams such as that in figure 8.
The contribution from the gluon loop diagrams act in the opposite direction from the
contribution due to the ¢§ loop in figure 7, resulting in ‘antiscreening’. The QCD
running coupling constant, when all of these factors are included, is:

20y _ a,(4?) 2 2
) = e —epmgem 02 O

where n is the number of colors (3) and f is the number of flavors (6). We see that
if 11n>2f, antiscreening will dominate over screening and the coupling constant will
decrease as the particles are brought closer together (larger |¢?|). This effect is the
well known ‘asymptotic freedom’, which tells us that the strong force becomes weaker
at small distances.

In QED, we define a(0) as the old fine structure constant, equal in value to 1/137.
This was chosen as a matter of convenience and because it is small enough to be a
sensible parameter for perturbative expansions. However, o, defined at ¢*=0 is quite
large and not at all appropriate for perturbative expansions. That is why we choose
our reference value as a,(p*). The value that we choose for g is unimportant so long
as a,(p?) < 1.

As strongly interacting particles are pulled apart, the coupling constant becomes
quite large. This is presumably one basis for quark confinement, which says that
isolated quarks cannot appear in nature and that all physical hadrons are color sin-
glets. The presumption is that the potential energy between two quarks increases
without bound as they are pulled apart until the energy invested is large enough
to create new quark-antiquark pairs. While this notion is generally accepted, it has
never actually be proven that QCD leads naturally to confinement. The difficulty lies
precisely in the fact that the magnitude of the strong coupling constant at large dis-

tances, which leads to confinement, also makes perturbative calculations, and hence
Feynman calculus, impossible.

4 Potential Models

One of the most satisfying aspects of heavy ¢§ spectroscopy is the ability of QCD
inspired phenomenological models to describe the general features of particle spectra.
The predictive power is due, in large part, to the heavy mass of the quarks which
allows the use of non-relativistic dynamics (the Schrédinger equation) in much the
same way as can be applied to the hydrogen atom and positronium. In the case of
the hydrogen atom and positronium we know precisely what potential to plug into
the Schrodinger equation. That is no longer true as we move into the realm of strong



interactions. Even though we don’t know the precise form of the hadronic potential,
we can use what we know about QCD to make a reasonable guess.

The overall details of the experimental picture have been adequately described in
terms of QCD inspired potential models which incorporate the ideas of QCD into the
familiar language of scattering theory. Such models generally assume:

1. Non-relativistic dynamics apply to lowest order and relativistic corrections are
small;

2. one-gluon exchange dominates at small distances;
3. multiple gluon exchange dominates at large distances and leads to confinement.

Because the strong coupling constant is relatively weak at short distances (asymp-
totic freedom), the probability of coupling to multiple gluons is small and the ce
interaction is dominated by single gluon exchange. Recall that quarks carry color,
so the exchange of a single colored gluon between two colored quarks is permitted.
Single gluon exchange at short distance is similar to the exchange of a single photon
between charged objects and results in a Coulomb-like potential of the type

_ 4ao,(r)
V(r) = — 2t @
where the factor of 4/3 arises from the SU(3). algebra.

At large distances, on the order of 1 fm or larger, the strong coupling constant
grows in strength and the probability of multiple-gluon coupling becomes large com-
pared to single gluon coupling (e, > 1)}. Phenomenologically, this can be thought
of as a bunching together of the lines of force into a tube of constant cross-sectional
area. By Gauss’ Law, this leads to a linear potential of the form

V(r) = kr (8)

where k is a proportionality constant. This spring-like potential confines the quarks
such that they may never separate from one another and appear as separate entities.

Light quark mesons are intrinsically relativistic due to the fact that the binding
energies are not small when compared to the constituent masses., When evaluating
the hydrogen atom and positronium, nonrelativistic quantum mechanics is used and
a relativistic correction term is added. Since we cannot exactly solve the relativistic
bound state problem, we must hope that heavy quarkonium states can be treated in
the same way, as more or less nonrelativistic systems.

It would be appropriate at this time to investigate the degree to which charmonium
is non-relativistic. We choose to evaluate this through the use of the virial theorem

2< T >=<7 - GV(F) > (9)

where T is the kinetic energy of the system and <> indicates an expectation value.
Assume a linear potential, as in equation 8. Then

2<T>=<V> (10)



and, from the non-relativistic expression for kinetic energy of two quarks < T >=
2(mg/2) < v?* > and the energy relation E =< T > + < V > we obtain

< v? >= E/3mg. (11)
The binding energy of charmonium can be estimated as
E~ Mpp — My, =638MeV. (12)
For a charmed quark effective mass of 1.5 GeV this leads to
< v’ >~ 0.14. (13)
Similarly for bottomonium, £ ~ 1096 MeV, my ~ 5 GeV and
< v? >~ 0.07. (14)

To evaluate a similar expression for the light quarks we will assume that the

binding energy is defined by the p — = mass splitting and that the effective mass of a
light quark is about 300 MeV. From this we arrive at

<v?>~07 (15)

for the light quarks. So we see that while charmonium is more or less non-relativistic,
the non-relativistic assumption works much better for bottomonium. As expected,
the assumption breaks down entirely in the light quark sector. Other potentials give
similar results. This treatment should perhaps not be taken too literally, since we
have used non-relativistic expressions to determine the degree to which a system is

non-relativistic. Nevertheless, the results give one an appreciation for the relative
magnitude of the situation.

4.1 Spin Dependence

Most of the interesting aspects of the charmonium spectrum are the result of spin de-
pendence. When spin is incorporated into the potential models spin-orbit interactions
(fine structure), spin-spin interactions (hyperfine structure) and tensor interactions
result. At the same time, one must give up on a purely non-relativistic treatment in
order to include spin.

The precise character of the spin-dependent parts of the potential will depend
on the Lorentz structure of the interaction. The short-range part of the interaction
corresponds primarily to one-gluon exchange and should therefore be vector in nature,
in direct correlation to the case of positronium. The long-range part of the potential
is due to the exchange of multiple gluons and has no direct analogy to positronium.
The long-range part of the potential can therefore contain scalar and vector terms as
well as anomalous moment terms. The problem is that we don’t know how much of
the potential is scalar and how much is vector.



The spin-orbit interaction, which includes the Thomas precession term, is gener-
ally thought to be a long range interaction while the spin-spin and tensor interactions
are thought to be short range interactions.

The spin-orbit interaction between quarks results from both the scalar (V,(r)) and
vector (V,(r)) parts of the potential and has the form

(3% —F) 7

E, = (L-5) (16)

2m2r

The contribution from V,(r) arises from both the explicit spin-orbit interaction and
Thomas precession, while the contribution from V, is due only to Thomas precession.
The vector part of the potential also gives rise to a tensor interaction, which may

be written as
S1z (1th, d”V,,)

Er = - — 17
T 12mymq \ » dr dr? (17)
where S1; = 2{3(§ - #)(§ - #) — §?] is non-zero only for states with L:£0.
The hyperfine spin-spin interaction due to single gluon exchange is responsible for
the splittings of the = and the p mesons and the nucleon and the A resonance in the

light quark sector. The spin-spin interaction for two quarks of identical mass is of the
form
|‘J'l

Eu = 6 V V( ) (18)
where oy and o3 are the Pauli matrices which describe the spin of the quark and
antiquark. The expectation value of &1 -3 = -3 when S=0 (singlet state) and 1 when
$=1 (triplet). Only the short range vector part of the potential contributes to the
spin-spin interaction. If we assume that the vector part of the interaction is described
by equation 7 then

8T 0'1

B, = ST Tag (19)

The § function forces all expectation values to zero other than those between S states,
Verifying the absence of appreciable spin-spin splitting for states with L >0 is therefore
an interesting probe of the short range part of the potential.

5 Decays of Charmonium states

Perturbative QCD expressions and first order corrections for annihilation decay rates

have been calculated by Kwong, Rosner and Quigg [47]. This is an ideal reference
and should be consulted for details.

Decays through one virtual photon of the type
QR -4 = Il (20)

are relevant for QQ) states with the same quantum numbers as the photon; JFC =
17~. These correspond to the n3S5; states such as the J/1 and .
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Two photon decays are possible for both S-wave and P-wave states. Recall that
C=(-1)I+% and that C(yy) =(-1)(-1) = +1. This implies that only spin-0 S-wave
states and spin-1 P-wave states can decay to 4y. These include the 7, and %’ reso-
nances (n'Sp) and the xo and x3 (3FPs ). The 3P, decay to «y is forbidden by Yang’s
theorem [11].

Three photon decays of n?5; states are also allowed, though they are somewhat
rare due to the a® dependence of the annihilation rate.

According to the laws of QCD, the decay of a charmonium state into hadrons
is the result of the annihilation of the ¢ and ¢ quarks into gluons. The number of
gluons is determined by the various conservation laws. Because the large mass of
the charmed quark dictates that annihilation takes place at small distances where
the strong coupling constant is small, we will always concern ourselves only with the
minimal number of gluons. The selection rules for ¢¢ annihilation are very similar to
the rules for positronium annihilation.

The C parity for any fermion-antifermion system is given by C = (—1)5+5, while
the C parity for gluons is a bit more complicated and the reader is referred to refer-
ence [10] for details.

The exact SU(3), symmetry of QCD forbids annihilation to a single gluon, since
gluons carry color while the physical hadrons to which they must couple are color
singlets. For two-gluon decays, the selection rules are identical with those of positro-
nium. Two-gluon decays are allowed for all C-even states with total spin J# 1. The
annihilation rate to gg is proportional to a?.

A massive spin-1 object may not decay to two identical massless spin-1 objects
according to Yang’s theorem [11}. Thus, two-gluon decays of J=1 charmonium states
are forbidden. However, if one of the gluons is virtual and materializes into a qg pair,
the symmetry upon which Yang’s theorem is built vanishes and the process is allowed.
This is the process which determines the width of the 3P, (x,) state of charmonium,
for example. The annihilation rate for such decays goes as o?.

Table 1: Gluon coupling configuration of various ¢F states

qg state 15 38, P 3p, 3p, 3p,

JEC o-+ 1—— 1+ ottt 1++ o+t

gluon coupling 2g 3g 3g 2 3g 2¢g
g9

Any quark-antiquark state can couple to three-gluons. There are two independent
ways in which one may combine three members of a color octet in order to obtain a
color singlet. One of these combinations turns out to be C-even while the other is
C-odd. This is contrary to the case of positronium where three photons may couple
only o C-odd states. The annihilation rate to three gluons is proportional to a3.

The minimal gluon coupling configuration for the various quark-antiquark states
is listed in table 1. An understanding of just these simple selection rules leads to a
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number of general insights into the total widths and branching ratios of charmonium
states.

5.1 Dipole Transition Rates

Dipole transitions are particularly interesting because they can be understood to a
large degree using simple quantum mechanics, though they are quite susceptible to
relativistic effects.
The rate of electric dipole, or E1, transitions of the type I'(n3S; — n*Pry) and
]_"(n3PJ, -— n’3517) is
dael B3
—r 22+ DI < firli > (21)
where ¢ and f are the normalized radial wavefunctions of the initial and final states,
J; is the spin of the final state and eq is the quark charge {2/3 for c) in units of e.

Similarly, the rate of magnetic dipole, or M1 transitions of the type I'(r3S; — n'1S,7)
and ['(nSg — n"35,7) is

dael E, (2] + 1)
3M}

| < flio(Eyr/2)]i > | (22)

where jo is a spherical Bessel function. In the long wavelength limit, the expectation
value | < fljo(Eyr/2)|i > | reduces to 0 or 1, depending on the quantum numbers
of the initial state. Because of the orthogonality and normalization properties of the
radial wavefunction R{r), we have:

frzR,-(r)R_f(r)dr =1 n=7q frzR,-(r)Rf(r)dr =0 mn#n (23)

We refer to the case where n = n' as ‘allowed M1 transitions’ and the case where
n # n' as ‘hindered M1 transitions.” Corrections to 23 are known to be as large as
50%. Observation of the hindered M1 transition ¢’ — n.v indicates that relativistic
corrections are not insignificant in the charmonium system. The corresponding decay
in the bb system has not yet been seen as the 7, has yet to be discovered.

Each multipole has a definite parity and is subject to angular momentum conser-
vation. I, is the total angular momentum carried off by the emitted v-ray:

|Ji = Ty < 1, < Ji o+ Jp. (24)

Since R << A and since the transition probabilities associated with higher multipoles
become smaller by increasing powers of (R/))?, the lowest multipole allowed by the
selection rules is expected to dominate. The selection rules are:

P;. Py = (-1)F E(L) pole
P, Py = —(-1)F M(L) pole

L>0 no monopole radiation.
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Additionally, transitions between states with the same C quantum number are pro-

hibited since a 4-ray is a C=-1 state.
Consider, for example the decay 3P; —2 S;4. The 3P, is a JEC = 2*1 state while
the 35, is a 1=~. Thus:

P,-P;= -1 AT =1= 1,=1,2,3
I=1= P,'-Pf=(—-1)1=—1 Fo3|

l=2= P,”P_ft—(—l)z:—-*l M2
=3 Pi'Pf=(—1)3:—1 E3

The lowest allowed multipoles for allowed radiative transitions are shown in table 2.

Table 2: The lowest allowed multipoles for radiative transitions

P;- Py | C;-Cy | lowest allowed multipole
351 H3 PD,I,Z -1 -1 El
ISU Hl P1 -1 -1 E].
331 Hl Sg +1 -1 Ml
3P0‘112 Hl Pl +1 -1 Ml

The hypothesis that only one quark in a QQ meson is involved in radiating a
photon in a radiative transition, known as the Single Quark Radiation (SQR) hypoth-
esis [48], has implications for the number of allowed multipole transitions. Consider
3P, —3 S,. If we now let J; and J; correspond to the total angular momentum of one
quark orbiting about a spectator quark then, recalling that the total orbital angular
momentum of the system is 1, we have:

J+1/2=2=  J;=3/2
Jr+1/2=1=  J;=1/2

l,=12= no E3 transition allowed.

Testing the SQR hypothesis then reduces to measuring the contributions of the various
multipoles to particular radiative transitions.

6 Brief Survey of Charmonium States

The J/v and %’ have been well studied and documented elsewhere, so they will not
receive any treatment here.
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6.1 The P states

Next to the J/v and 4', the *P; or xg,1,2 states are the most thoroughly studied. The x
states all have J¥C quantum numbers of J**. The most relevant parameters of the X
states, prior to the recent work of E760 at Fermilab, are listed in table 3. The x states
were originally discovered in radiative decays of the %'. The x; decays predominantly
through ggg while the xo and x; decay through gg. T'(x0) > I'(x2) > I'(x1) and the
ratio of the widths of the x; and x; is predicted from theory to first order to be

I'(x2 — g9)

T(xo — 99) = 4/15. (25)

Recently, a fair amount of precision work has been done on the x; and x, states. This
will be described later.

Table 3: Parameters of the x states prior to E760

Xo X1 X2
Mass(MeV) 3415.1 £ 1.0 3510.6 £ 0.5  3556.3 + 0.4
Total Width (MeV) 13.5 + 5.3 < 1.3 (95% CL) 2.6 123

BR(x — J/{v) (6.6 + 1.8) x 10~*  (27.3 + 1.6)%  (13.5 + 1.1)%

6.2 The 15, States

The singlet states of heavy quarkonia (S=0, J=L, P=(-1)(£+1) C=(-1)*) pose an
unusual experimental challenge because they can be neither resonantly produced in
e*e” annihilation into a virtual photon (JP=1-~) nor populated by E1 decay of the
35) states. To date only the 7, (1355, 0~*) has been positively identified [17]. An early
claim for the %, (2'S,, 0~*) [29] remains unconfirmed, and searches by the Crystal
Ball collaboration and R704 failed to find the A.(1'P; (1*~)) state of Charmonium
24, 30].

The 7. was discovered in M1 transitions from both the J/? and the ¢'. It has also
been seen in pp interactions and in v+ interactions of the type indicated in figure 9
[50]. The mass of the 7, has been measured to be 2979.6 + 1.6 MeV and its total width
measured to be 10.3 133 MeV [17]. The decay 5, — 4+ has been measured, though
not terribly well as the errors on the branching ratio BR(n. — vv) = (61%) x 10-4
would indicate.

The 7, has only been seen by the Crystal Ball experiment. The signal is not
overwhelming and has never been confirmed by another group. The Crystal Ball
obtained a mass of 3592 2: 5 MeV and a 95% CL of less than 8 MeV for the total
width of the 7. From Kwong, Rosner and Quigg [47]:

P(n.) _ T{ne — g9) _ [¥(0)]"
L(n) T(ne—gg9)  [¥(0)?
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where JE%((%%I{T’ is obtained from the leptonic widths of the 35 states:

D(y' — ete”) _ [p(0)]? M
T(§ = ere)  WO)F M3~

(27)

Plugging in the appropriate numbers results in %{%—} ~ 0.64 and T'(]) ~ 6 MeV.
The mass of the 7 is predicted to be somewhere in the range between 3540 -

3630 MeV. A recent calculation [49] of the partial width of 7/ — ~v gives a result of
3.5 keV and BR(7%, — vv) = 5.8 x 1074,

6.3 The P, State

As previously mentioned, the ' P; state is another example of a singlet state which is
very difficult to produce and to study. The 'P; state of charmonium (JF€ = 1)
had never been seen until the recent observation by E760 at Fermilab. The Crystal
Ball and R704 both searched unsuccessfully for the *P,. The E760 data for the 1P,
state will be discussed in detail later.

The mass of the ' P, is a subject of considerable interest as it provides an interesting
test of our understanding of spin-dependence in cé interactions. In the limit that all
of the spin-dependant terms are sufficiently small to be treated perturbatively, only
the spin-spin term E,, contributes to the spin-weighted center-of-gravity of the 3P
states and to the deviation of the 1P, mass from the center-of-gravity:

mXO + Smxx + 5mx:
9

and M(*P,) = < M(P) > —3 < E,, >[19], where the brackets denote expectation
values. In this simple framework, the mass of the ' P, will probe the degree to which
spin-spin forces are truly negligible for states with L>0.

A more sophisticated and quite recent calculation of the P, mass [20] from gluon
exchange finds that the one-loop QCD correction is independent of both renormaliza-
tion scale and renormalization scheme and that the splitting depends only on a,(m,)
and the radial wave function. The authors conclude that the 1P, mass must lie above
Mc.o.g and calculate the splitting to be 0.7 + 0.2 MeV. A number of other predictions
may also be found in the literature [32].

The electric dipole (E1) transition 'P; -+ 1.7 is expected to be the dominant
decay mode of the 1 P, state. However, this decay mode may be sensitive to relativistic
corrections which might reduce its rate considerably.

The other likely decay modes of the P, are J/¢¥n® and J/¢rw. The partial
widths for these decays are expected to be small since the former does not conserve
isospin and the later is suppressed by the limited phase space available and by angular
momentum barrier effects.

Meo.g. =

=< M(P)>+< E,, > (28)

6.4 The D States

Of the four possible D states (* D3, D1 33), only the 3D, has possibly been observed.
The (3770) is about 40 MeV above the DD threshold and decays primarily to DD.
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The 3D, shares the same JFC quantum numbers as the 35; states allowing for the
possibility of mixing. T'(%(3770) — ete~) = 0.26 £ 0.04 keV which is much larger
than one would expect for a pure D state (T, ~ |R"(0)|?). Most of the leptonic width
of the ¥(3770) is thought to result from an admixture of 235,.

The 3Dy, 3Dy and ' D, states should all be nearby the ¢(3770). However, JF = 2~
for both the ®D; and the ' D, disallowing decay to two 0~ states (D D). This follows
from the fact that P=(~1)' for a Boson-anti-Boson pair and that J=2 requires that
two spin 0 Bosons be in a relative D wave. From this it follows that P=(—1)"=? = 1
which is inconsistent with the J¥ = 2~ assignments for 3D, and ' D,.

*D3 and 'D; can, however, decay to D*D as D* is a 1~ state and can be placed
in a relative P wave with D to form a J=2 state with P = (—1)"=1 = 1. 3D, and
! D, are predicted to have masses somewhere between the DD(3728) and D* D(3874)
thresholds [45] disallowing decays to open charm. This holds out the possibility that
the 3Dy and 1D, could be narrow and would decay to lower lying charmonium states.
Allowed decays include D; — J/¢pnwm, 3D; =2 Py 37, and 1D; - Piy. The first of
these decay modes would appear to be the most promising.

7 Formation of cé states in pp interactions

Most of the experimental work done on charmonium states has been done at ete~
machines. e*e” interactions are very clean as compared to pp collisions where huge
hadronic backgrounds pose a formidable challenge to experimenters. In contrast
to ete~ annihilations where only states with the quantum numbers of the photon
(JFC = 177) are directly accessible, one can resonantly produce the full spectrum of
charmonium states in fp annihilations. States with different quantum numbers must
be reached in e*e~ interactions through transitions from higher mass 17~ states.
The obvious benefit of resonant formation is that the mass resolution depends only
on the accuracy of the particle beam, not the detector resolution. When states are
formed through transitions from higher mass states, the resolution of the detector
must be relied upon to accurately measure the recoil particles. These recoil particles
often carry relatively little energy, making accurate measurement even more difficult.
pp interactions make precision studies of a number of charmonium states possible for
the first time, provided experimenters can learn to deal with the large backgrounds.

The formation cross section for charmonium states is < 10~® times that of the
hadronic non-resonant background from pp interactions. This makes it extreamly dif-
ficult to extract a signal when searching for the hadronic decay modes of charmonium
states. A much better signal-to-background may be achieved, however, if one focuses
on electromagnetic decays of charmonium where the final state contains electrons and
gamma-rays. In many cases an almost background free data sample may be obtained,
as will be demonstrated shortly.

The charmoninm states may be studied by sweeping the 5 energy across the reso-
nances and measuring their cross sections as a function of the center-of-mass energy.
The resonance parameters are extracted by an analysis of the resulting excitation
curve. The observed excitation curve is the convolution of the Breit-Wigner cross
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section for the resonance with the energy distribution function of the beam. The
Breit-Wigner cross section for the formation and subsequent decay of a resonance R
with total angular momentum J, mass Mp, and total width I'g is

(ZJ + 1) 4W(h6)2 PzRBinBout

7owlBen) = G5 125 7 1) (B, — (mye?)?) (B = Maci)s cT270~ (&)

Here S is the spin of the initial state proton, B;, and B, are the branching ratios
in the resonance formation channel (fp — R) and in the decay channel respectively.
The center-of-mass energy E.,, is determined from the  beam energy. Opeak 15 the
cross section at E., = Mgc?, and is given by

Opeat = (2 + 1)[4n(hc)? Bin Boue /(B — 4(mpc?)?)] - (30)

If the energy distribution function of the beam is known, then I'g can be extracted
from an analysis of the shape of the measured excitation function, If T'r/Tp > 1,
where I'p is the beam width, then 'z may be determined with good accuracy. The
precision of the measurement improves as I'p/T'p increases.

7.1 R704 at the ISR

Experiment R704 at the ISR was the pioneer of this field. By inserting a molecular
hydrogen gas jet target into the circulating antiproton beam of the ISR, they were
able to form charmonium states from fp interactions for the first time. R704 made
precision measurements of the x, and x; states of charmonium. R704 also searched,
unsuccessfully, for the ' P; charmonium state. R704 was an unfortunately short-lived
experiment, falling victim to the permanent shutdown of the ISR.

I will not focus on R704 here but will describe in detail a more recent second
generation experiment, E760 at Fermilab (It should be pointed out that the author
is a member of the E760 collaboration). Nevertheless, the mark left on the field by

R704 should not be forgotten. The interested reader is referred to R704’s published
record [12].

8 Experiment 760 at Fermilab

E760 is a charmonium formation experiment performed in the antiproton accumulator
ring at Fermilab which was designed for precision studies of reactions of the type

PP — ¢€ — electromagnetic final states. (31)

The experiment is performed by inserting a molecular hydrogen gas jet target into
the machine vacuum of the antiproton ring. This technique was originally pioneered
by the R704 collaboration at the ISR. As any good second generation experiment
should, E760 enjoys many advantages over its predecessor. E760 has ~ 10 times the
instantaneous luminosity, ~ 3 times better beam energy resolution and ~ 5 times
larger acceptance than R704, The E760 author list appears on the following page.
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8.1 The Antiproton Source at Fermilab

The Fermilab Antiproton Accumulator is a storage ring designed to accumulate and
cool antiprotons for the Tevatron colliding beam program. The 474 meter ring has
been designed to operate at a fixed energy of 8.9 GeV/c? In order to provide an-
tiprotons over a range of 4-7 GeV for use in the present experiment, the Accumulator
had to be substantially modified.
During the experiment, the Accumulator is run first in its designed mode to accu-
mulate the desired number of antiprotons at 8.9 GeV. Once an adequate number
of antiprotons are collected, the beam is decelerated to the desired energy[25]. In
a typical run for the present experiment, a beam of up to 3 x 10! antiprotons is
accumulated at an average rate of ~ 10'° §/hr.
The internal hydrogen gas jet operates at a typical density of 3.5x10'? atoms/cm?. Tt
has transverse dimensions of ~ 0.5 cm? in the interaction region. The peak luminosity
achieved is & 1.0 x 10°! ¢cm~2s~1. The luminosity lifetime is 50-100 hours depending
on the energy of the beam and the gas jet density, which is occasionally varied. Each
store lasts for about 1-2 lifetimes, after which the beam is dumped.
The stochastic cooling[26] system is essential to the success of this experiment. The
transverse cooling system counteracts the growth of beam emittance due to the beam’s
repeated traversal of the gas jet and of the residual gas in the ring. The momentum
cooling serves two purposes: it compensates for the average dE/dz loss due to the
beam traversing the jet and it narrows the beam energy spread T'g to =~ 0.5 MeV in
the center-of-mass.
The average beam energy and the beam energy spread are important for the deter-
mination of the mass and width of a narrow resonance. The precision of the beam
energy measurement determines the precision of the measurement of the resonance
mass. The precision with which the beam energy width is measured directly influences
how well the width of a narrow resonance can be determined.
The determination of the average beam energy and the beam energy spread are both
based on the measurement of the beam revolution frequency spectrum. The beam
energy is determined from the velocity of the beam in the lab frame. The beam
velocity is given by:

cB=fL, (32)
where f is the revolution frequency of the particles in the beam and Z is the orbit
length.
The length of the central orbit determined by optical survey is not known with suf-
ficient accuracy to determine the beam energy to the required precision. The orbit
length must therefore be calibrated with the known mass of a narrow resonance.
The ¢’ was chosen. The £0.1 MeV/c? uncertainty in the published mass of the '
corresponds to an uncertainty in the orbit length of £0.67 mm at the %',
Having established the reference orbit at the 7', the center-of-mass energy at the
other resonances can be determined. If one could maintain the same beam orbit at
all energies the only error in the mass of a resonance would be that discussed above.
However, this situation can not be achieved precisely over the entire energy range
of the experiment. In general, the orbit differs in length from the reference orbit by
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an amount AL which typically ranges from 42 mm to -2 mm. AL is measured and
corrected for by 48 horizontal beam position monitors distributed throughout the
accumulator lattice,

The distribution function of the beam revolution frequency f, is derived from an
analysis of the beam current Schottky noise spectrum. The shape of the beam mo-
mentum spectrum can then be obtained if one knows the proportionality constant
n =(6£./1)/(8p/p). 7 depends on the accumulator lattice and was measured using
a number of techniques. The error on 7 is estimated to be ~ 10%. Reference [13]
may be consulted for additional details.

8.2 The E760 Detector

The E760 detector is designed to select electromagnetic final states out of a very
large hadronic background and to identify unambiguously the topology of events.
A schematic of the detector is shown in Figure 10 [14]. The detector covers the
complete azimuth and the laboratory polar angle from 2° to 70°. Two cylindrical
scintillator arrays detect charged particles; a threshold Cerenkov counter provides
electron/hadron discrimination; wire chambers provide charged particle tracking. The
central and forward calorimeters provide electron and photon energy measurement
and track position.

Scintillation counter hodoscope H1 consists of 8 elements of 2 mm thick NE102 scin-
tillator lining the exterior of the 0.2 mm thick stainless steel beam pipe and covers
a polar angle range from 9° to 65°. The second hodoscope H2 consists of 32 coun-
ters, each 4 mm x 3 cm X 65 cm, at a radius of 17 cm from the beamline. Since
the light yield in H2 is good (50-100 photoelectrons per minimum ionizing particle),
the pulse height distribution is also used to separate single charged particles from
electron-positron pairs.

The Cerenkov counter is divided into eight azimuthal sectors, each covering 45°.
Within each sector there are two sections covering the polar angle from 15° to 38°
and 38° to 70°, respectively. Each section is equipped with mirrors focusing the
Cerenkov light onto a phototube. The forward (15° to 38°) sections contain CQ; at
one atmosphere and have a pion momentum threshold of 4.9 GeV/c. The backward
(38° to 70°) sections contain Freon-13 and have a pion momentum threshold of 3.7
GeV/c. Freon-13 is used in the backward sections because its higher index of re-
fraction results in more photoelectrons per unit track length for the shorter tracks
which traverse this section of the the Cerenkov counter. The light yield is strongly
dependent on position, but for tracks near the center of a mirror, typically 12 photo-
electrons are obtained in the forward sections and 6 photoelectrons in the backward
sections.

The central calorimeter (CCAL) consists of 1280 lead-glass blocks arranged in 20 rings
(polar coordinate) and 64 wedges (azimuthal coordinate) in a pointing geometry. Each
block is instrumented with a photomultiplier whose output signal is digitized in an
11-bit ADC. In addition, summed output signals from matrices of 5 x 8 blocks that
map the central calorimeter to & coarse § — ¢ energy grid are used in the fast trigger
logic as a transverse electromagnetic energy trigger[27]. The energy resolution of this
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detector is 6% /+/E(GeV)+1.4%. The forward calorimeter (FCAL), a lead-scintillator

detector, covers polar angles from 2° to 10°.

The overa.ll angular resolution in the detector system is Af=4 mrad and A¢$=7 mrad
for charged particles. For photons, Af8=7 mrad and A¢p=11 mrad. One of the wire
chambers, the radial projection chamber (RPC), samples d F/dz information up to 16
times for each track providing another handle for identifying electron-positron pairs
resulting from photon conversions.

The luminosity monitor[28] consists of a fixed 1 cm x 5 cm x 0.5 mm deep active
volume surface barrier silicon detector mounted 1.5 m from the interaction region.
It detects recoil protons elastically scattered at 86.5° from the beam direction. The
luminosity £ is determined by normalizing the recoil counts to the known elastic
scattering cross section,

daclastic

L= Nelaati:/[ dn dn‘} (33)

where dQ is the solid angle subtended by the silicon detector. The error in the absolute
measurement of the luminosity is mostly due to the error in the fit to the measured
pp total cross sections in the 2.5-15.0 GeV /c region and the uncertainty in solid angle
d}. The error due to counting statistics makes a much smaller contribution to the
overall luminosity errors, which are estimated to be less than +4%.

8.3 Trigger and Event Selection for Inclusive J/v Events

Reactions of the type g — J/¢ — ete™ + X, where X is a v,7° or 7*x~, have
a simple topological structure containing 2 high p, e* pointing back to the inter-
action region. The J/4) carries a large fraction of the antiproton momentum and,
consequently, the two—body correlation between the kinematical variables of e+ and
e” is only slightly smeared in the laboratory system and the ete~ and p momentum
vectors are nearly coplanar. A trigger was used which selected events with both et
and e~ in the barrel volume.

At the fast trigger level, logic with loose constraints to select high mass objects
decaying to ete” was employed. The essential elements entering the trigger were
logic signals from the Cerenkov cells, the scintillator hodoscopes (H1 and H2) and the
matrix of 5 x 8 analog sums from the lead glass counters. The trigger required that a
Cerenkov signal be associated with at least one of the two charged tracks originating
from the interaction region, as defined by an appropriate coincidence between the
elements of the H1 and H2 hodoscopes. Independently, two clusters in the central
calorimeter are required which are separated by more than 90° in azimuth and which
have an energy deposit which exceeds a threshold which depends on the polar angle.
This trigger scheme efficiently selected (Zc) resonances at all energies decaying either
inclusively to a J/4 or exclusively to e*e~. The data were read from CAMAC using
the Fermilab Smart Crate Controller [15] and ACP system [16]. The overall rate was

< 10 Hz and all events selected by the fast triggers could be recorded on tape without
introducing a significant dead time.

21



Preliminary selection of inclusive J/1 events is accomplished by requiring at least
one high quality electron track, and by requiring m,. to be greater than 2.0 GeV/c.
Final event selection involves a kinematical fit to the hypothesized final state with
constraints on total energy and momentum and the J/i mass which were treated
by the method of Lagrange multipliers in the x? minimization process. Additional
constraints may also be imposed, depending on the final state under study. The cuts
on electron quality were derived from a study of ~ 4000 background-free exclusive
J /1 decays to eTe™.

The data were subdivided into groups of events corresponding to a nominal value
of the beam energy, which was changed in small steps in order to sweep across the
resonance. At each beam energy, the number of events which pass the analysis are
divided by the integrated luminosity accumulated at that energy, resulting in an
effective cross section as a function of energy. This is the so-called excitation curve.
The resonance parameters are extracted from the excitation curve by a fit using
the technique of maximum likelihood. The likelihood function to be maximized, L,
is written as the product of N (= number of data points in the excitation curve)
Poisson functions, each giving, for the j-th data point, the probability that n; events
be observed if v; are expected:

A | (34)
i=1,N nJ *
where:
T}
v; = [ f c dt]j (a,,c,,g te f W[5V e TR rg) . (35)

The integral gives the convolution of the Breit-Wigner resonance with the center-
of-mass energy distribution function f;(W), f£ dt is the integrated luminosity for

each step, oycrg is the measured background cross section, € is an overall acceptance—
efficiency factor and:

41?(5,6)2(2.]3 + 1)
E3 — 4m2ct

Tpeak —

X BR(R — pp) x BR(R — J/¢yX) x BR(J/¢ — e*e™).
(36)

The parameters determined by the fit were Mz, T'r and the product:
I'(R — pp) x BR(R — J/¢X) x BR(J/¢¥ — e¢te™) (37)

which is proportional to the measured area under the excitation curve and therefore
depends only on one’s knowledge of € and [ £ df and not on the characteristics of the
beam. All other quantities were input to the fit. The uncertainties on these quantities
were used to estimate the systematic errors.

8.4 The x; and x; Charmonium States

A kinematical fit is performed on events with a topology compatible with the hypoth-
esis

PP — x1,2 — J/py — ete . (38)
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These events included: a) events where the 4 in the final state fell within the accep-
tance of the calorimeters and was detected and b) events where the photon escaped
detection (less than 20% of the entire sample). Energy and momentum conservation
and the condition that the e*e~ come from J/v decay provide five constraints for
type ‘a’ events and two for type ‘b’ events. An event was accepted if the probability
of the fit was greater than 10~*. Figure 11 shows the distribution of m.. for these
events at the x, energy for different stages of the analysis. The shaded area corre-
sponds to data collected outside the resonance region and normalized to an equivalent
luminosity. This is the residual, non-resonant background.

Figures 12 and 13 show the measured cross section for process 38 versus the center-of-
mass energy for x, and x,, respectively. A typical center-of-mass energy distribution
for the antiproton beam is shown for comparison (dashed curves). The full line
represents the best fit to the data. The final results are summarized in table 4. The
partial widths I'(R — pp) were obtained from the value of [I'(R — 7p) x BR(R —
J/¥v) x BR(J/¢ — e*te™)], using the published values{17] for BR(R — J/y) x
BR(J/¢ — ete”) = (1.88 £ 0.27)% at the x, and (0.93 £ 0.14)% at the x,.The first
error given on I'{R -+ pp) is from the uncertainty in the measurement (statistical
and systematic errors are combined in quadrature) while the second derives from
the uncertainty in the branching ratios. Finally, one obtains BR(R — pp) from the
ratio of the partial width T'(R — pp) to the total width, using the correlation matrix
between the two quantities to estimate the errors.

These results represent a substantial improvement over previous data. The mass
measurements agree with existing measurements [17] and the errors are reduced by
factors of more than two. The improvement in the total width measurements is
even more substantial. T, is now measured to & 20% whereas previously only an
upper limit (< 1.3 MeV w:th 95% C.L.) was available. An error of 10% on T, is
now obtained, compared with an error of ~ 40% prior to E760. The error on the
partia] w1dths I'(x — pp), has also been reduced and, for the first time, a precise

measurement of the BR(x, — pp) is obtained. Reference [35] may be consulted for
additional details.

Table 4: E760’s results for y; and x,

Parameters X, X,
Mp (MeV/c?) 3510.53 &= .04 £ .12 | 3556.15 + .07 £ .12
I'r (MeV) 0.88 + .11 + .08 1.98 & .17 + .07
I'(R — pp) x BR(R — J/¢)
xBR(J/% — e*e~) (eV) 1.29 4+ .09 + .13 1.67 £ .09 & .12
T'(R — pp) (eV) 69+ 9110 180 £ 16 + 26
BR(R — pp) x 10* (0.78 +.104£.11) | (0.91 +.08 % .14)

For the measured quantities, Mg, T and T'(R — §p)BR(R -+ J/y~)BR(J/¢ —
ete~), the first errors quoted are statistical and the second are systematic.
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8.5 Comparison of the y States with Theoretical Predic-
tions

a. Hadronic Widths

Predictions for the hadronic widths of the x states have been calculated to the lowest

order and, for x, and x,, first order corrections (in square brackets below) have been
estimated [18, 45]:

D(x, — 99) = (60 | R, (0) [* /m?) x (1 + [9.5a/x]) (39)
8 ,
T(x = a29) = (sons 0 | By(0) [ /m2) x In(m. <7 >) (40)
8
T(x, = 99) = (ol | By(0) " fmt) x (1~ [2.20./x]) (41)
where @, = a,(m.) is the running coupling ‘constant’ of the strong interactions

calculated at the effective c—quark mass value m, = 1.5 GeV/c? , ny = 3 is the
number of light flavors, < » >= 3.17 GeV~! is the confinement radius and | R (0) |

is the first derivative of the radial wave function at the origin for the (ct) system in
a P-state

| B,(0) | has been estimated by solving the Schrédinger equation with a phenomeno-
logical central potential; its numerical value depends strongly on the functional shape
of the potential [21]. The hadronic widths can be written as:

That 2 Tr ~Tr(x — J/9v) =Tr(1 — BR(x — J/¥7)).

Inserting the known values [17] of the branching ratios for radiative decays one obtains
from the measurements:

Thaa = (0.64 £ 0.11) MeV for x, and Theq = (1.71 £ 0.21) MeV for x,.

In addition, one takes from the literature [22] : T'(x, — gg) ~ Iy, =13.5£5.3 MeV.
To lowest order, the ratio between I'(x, — gg) and I'(x, — gg) is independent of the
wave function of the (c¢) state and of the value of a,; I'(x, — g9)/T(x, — g9) =
15/4. When first order radiative corrections are included, using for a, the value [18]
0.276 £ .014 one obtains from equation 39 and 41:

I'(x, — 99)/T{x, — g9) = 14—5 % (2.27 £ 0.08) = 8.53 £ 0.30

which should be compared to the experimental value of 7.9 £ 3.9, where the large
error comes from the uncertainty on Ty,

If one uses the quoted value of «,, one estimates from the value of T'(x, — g9)
|B,(0)|* = 0.088:+0.012 GeV®. This should be compared to the theoretical predictions
[21] which vary from 0.057 to 0.11 GeV® , depending on the functional form of the
potential.

It is also interesting to compare the measurement for the I'(x, -+ qig) with the
theoretical calculation which, in this case, stops at the lowest order (40). Using
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again the same value for a, and the value of |R}(0)|? derived from I'(x, — gg), one
obtains I'(x, — qgg)} ~ 0.50 MeV to be compared with the experimental value of
(0.64 £ 0.11) MeV.

b. Radiative widths.

Precise estimates of the widths for electric dipole P — S transitions can be obtained
by combining the known branching ratios [17] and the measured values for the total
widths of x, and x,. The radiative widths, given in table 5, are at the low end
of theoretical predictions[23]. The relative magnitude of the two partial widths is
compatible with the expected E3 scaling law.

Table 5: Radiative transition widths of x, and x, from E760
I (keV) | (Te?/ E3) x 10°
(MeV~—2)
x, | 240+ 40 4.08 £ .70
X, | 267+33 3.36 + .42

8.6 The !P, State of Charmonium

In pp annihilations the ' P, state can be formed through coherent annihilation into
three hard gluons (the anmihilation into two gluons violates C-parity). The P, is
expected to be narrow (< 1.0 MeV) and the dominant decay mode is expected to be
the electric dipole transition to the 7.7 final state[31]. Several predictions of the mass
of the singlet P can be found in the literature[32], most of them within a few MeV of
the center-of-gravity of the x.(®Py) states, defined as:

3y, + 5
Mg, = 20 0 T M 3525.97 + 0.12 MeV (42)

where the mass of the xo was obtained from the Particle Data Book compilation [17]
and the masses of the x;; are taken from E760’s measurements [35].

The cross section at the peak of the resonance for the formation reaction pp —! P, is
expected to be < 10-® of the total cross section for fp — hadrons. To maximize the
chances of successfully identifying this rare process in the presence of a large hadronic
background, the decay of the *P; into the following electromagnetic final states has
been searched for:

"Pomety = (vr) + (43)
P = T/ +7° — (ete )+ 7° (44)
R R A CAC R (45)

While the dominant decay mode is expected to be 7.v, the small branching ratio for
Ne — 7y strongly suppresses the 3+ final state leaving it comparable in rate to 44 and
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45, but with significantly more background. The branching ratios for decays 44 and
45 are expected to be small since reaction 44 does not conserve isospin and reaction 45
is suppressed by the limited phase space available and by angular momentum barrier
effects. However, because they include a pair of electrons with large invariant mass,
the final state signatures for these decays are highly distinctive and permit a sensitive
search for the ! P;. Only the decay channels 44 and 45 will be discussed here.

The search for the 'P; was confined to the immediate vicinity of Meog (42). Data
were taken in small energy steps (< 500 keV ) with an integrated luminosity of
~ 1000 nb~! at each step to allow observation of a narrow resonance with a small
cross section.

A mass plot of the eTe™ invariant mass is shown in figure 14 for data taken in
the vicinity of mc,,. and, for comparison, data taken at the ¥’ resonance. It is
clear that events of the type pp — J/1¢ + X are present in the data. It should be
noted that the event rate for this data is much smaller than that for the . This
explains why the background component appears to be larger. Events of Figure 14
with mg4.~ > 2.9GeV /c? were fitted to reactions 44, 45, to fip — J/1 + v — ete™y
and to fp — e*e” whenever the event topology was compatible with the final state
hypothesis. Most of the events could be fitted either to J/1 4 7, or to Jo + x°. The
shaded areas in Figure 14 represent events fitted to pp — J/4 + =° (black solid),
Pp — J/ + (cross hatched) and pp — e*e~ (vertical stripes). The residual events
in the J/4 mass band are compatible with what is expected for the background. No
events were found to fit the reactions +p — J/yp+n°+7°or f+p — J/P+nt+7-.
C conservation prevents the JF¢ = 1t~ singlet P state from decaying into J/% + 7.
The events observed in this channel can therefore be due only to a true continuum
or due to the contributions of the nearby x;(3510.6) and x2(3556.0) resonances. The
measured cross section is found to be consistent with the latter hypothesis when the
shape of the beam distribution, with its low momentum tail, is taken into account.
The final results for the jp — J/3 +7° — €* + e~ +v + channel are shown in figure
15. The data is binned in intervals of 150 keV in the center-of-mass energy, with
overlapping bins added. One notices that below Mco.g. 8N apparently uniform level of
#2 2.0 events/pb~* is observed. This corresponds to a cross section of o(fp — J/p+7°)
= (99 + 40) pb, in reasonable agreement with what is expected for the continuum [33],
Above m., , a consistently higher cross section is observed in the small region around
3526 MeV.

The data of the 'P; scan were analyzed with the maximum likelihood method by
fitting the measured cross section to a constant continuum level plus a Brejt-Wigner
resonance function convoluted with the known beam momentum shape. The ratio of
L(H,), the maximum value of the likelihood function for the hypothesis tested (reso-
nance plus background) to the maximum value, L(H,), of the likelihood function for
the null hypothesis (no resonance) yields Ao = [(2In[L{H,)/L(Ho)])]"/* = 3.5. Since
the use of the likelihood ratio to extract a confidence level may be questionable for
data with small statistics, the probability that an ‘accidental’ resonance structure may
result from a fluctuation of a constant background has been estimated, by performing
several thousand Monte Carlo simulations of the event distribution (using the actual
energies and luminosities) assuming a constant cross section equal to the average of
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all the measurements. By analyzing the data of the Monte Carlo ‘experiments’ with
exactly the same procedure used in analyzing the real data, it was found that the
probability of a structure with A > A, arising from a statistical fluctuation anywhere
in the scanned region is only 1 in 400.

Based on this analysis, E760 claims evidence of a narrow resonant structure in the
pp — J/¥ + 7° channel, with a resonance mass value Mg=3526.2+.2 MeV/c% Be-
cause of the low available statistics of the experiment and the ~ 750 keV width of the
beam distribution, only an upper limit can be set on the resonance width of Iz <1.1
MeV at a 90% confidence level. The product of the branching ratios depends on I'z.
If one takes as a plausible range of values 1000 keV> I'p > 500 keV, one obtains:

(1.6 +£0.4) x 1077 < BR(R — pp)BR(R — J/ +7°) < (2.1 £+ 0.6) x 1077

after folding in the value BR(J/¢p — ete™) = (6.9 £ 0.9) (17). This structure is
interpreted to be the 11 P; state of charmonium. Reference [36] may be consulted for
additional details.

8.7 Comparision of the !P, Data with Theoretical Predic-
tions

A limit of BR( 'P, — J/¢wr)/ BR(!Py — J/¢7® )< 0.25 at the 90% confidence
level is set since no di-pion events are observed. This would seem to conflict with the
prediction of Kuang, Tuan and Yan who predict BR(*P, — J/¢r7) to be similar to
BR(*P, — J/¥~°) [34]. If one extends the calculation of Voloshin from the b5 system
to the charmonium system, this would seem to be in better agreement with the data
(37].

The mass obtained by E760 for the 1P, is consistent with the one-loop QCD correc-

tion calculations which depend only on the value of a,{m,) and the radial wavefunc-
tion [20].

8.8 R704 and the ! P

R704 reported 5 inclusive J/% events near m.., [24]. The 5 events were interpreted
as a possible hint of the 'P; resonance, though the authors conceded that the 5
events were also compatible with background. In view of the recent E760 results, it
is interesting to take a second look at the R704 data.

It should first be pointed out that E760 has an acceptance which is 7.5 times larger
than R704 for the reaction pp — J/¢ + X -—— ete™ + X. Unlike R704, E760 has the
capability to fully reconstruct the decay J/¢p — et + e~ + 4 + 7. E760’s sensitivity
for detecting the ' P in this mass range is ~100 times larger than that of R704.

A comparison of the masses obtained by E760 and R704 indicate that they are sep-
arated by ~ 2¢. This is determined after normalizing the mass scales of the two
experiments based on their respective measurements of the masses of the x; and x,
states. A comparison of the cross sections of the two experiments indicates that if
the 5 events seen by R704 were to be interpreted as a resonance, the cross section for
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the formation of that resonance would be ~ 13.5 times larger than the cross section
measured by E760. If the R704 results are correct, E760 should have measured 540
signal events rather than the 40 observed events. Finally, the 5 events observed by
R704 are entirely compatible with the non-resonant background measured by E760,
an interpretation which was never excluded by R704.

8.9 Trigger and Event Selection for vy Final States

E760’s neutral trigger consists of two levels. At the hardware level a topological
trigger requires at least two energetic clusters in the central calorimeter separated
by > 90° in azimuth [27]. Events with charged particles are vetoed by requiring no
hits in the H1 or the forward veto scintillation counters. The calorimeter data are
read into online processors [16] which compute the invariant masses of all photon
pairs (M.} and the total energy deposited in the calorimeters. Events with any
M., > 2.0 GeV/c? are recorded on tape.

The 7 analysis begins with events with two central calorimeter clusters with invariant
mass M,, > 2.5 GeV/c?. Additional low energy clusters are allowed in the central
calorimeter to protect against rate-dependent pile-up effects. No clusters are allowed
in the forward calorimeter. A 4C kinematical fit to the vy hypothesis is performed
and events with a fit probability CL < 5 x 10™2 are rejected. An invariant mass
cut at £10%+/s is imposed, corresponding to a 3¢ cut on the mass resolution as
inferred from J/ — ete™ and ¢’ — e*e” events. Masses calculated by pairing any
additional low energy clusters with each of the high energy clusters associated with
the vy candidate are formed. Events with any mass in the 7° (80 — 170 MeV/c?) or 7
(410 —-690 MeV/c?) window are rejected. Due to the rapid increase of the background
with |cosf*| the acceptance for the v channels is restricted to near 90 degrees. The
exact cut on |cos8*| depends on the state under study.

8.10 x2 — vy

The final data set for the reaction pp — 4+ is shown in figure 16 for the region around
the x; resonance. |cosf*| has been restricted to values less than 0.40 in this analysis.
The angular distribution for the reaction pp — x2 — v+ is needed in order to extract

the partial width I'(x, — ¥7) from a measurement over the restricted angular region
|cos@*| < 0.40. Reference [51] may be consulted for details.
Correcting the results for efliciency and acceptance one finds that:

BR(x, —p)BR(x, —=77) = (1.69 + 0.38 £ 0.14) x 10~
BR(x, =) = (1.54 + 0.40 £ 0.24) x 10™*

T(x, = vv) = (304 4 84 + 49) €V.

E760’s measurements of BR(x, — fp) = (0.91 + 0.08 £ 0.14) x 10~* and I'(x,) =
1.98 & 0.17 3: 0.07MeV [35] have been used to obtain the last two values.
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8.11 Comparison of y; — vy data with Theoretical Predic-
tions

Perturbative QCD expressions for the decay rates of charmonium into gluons and pho-
tons with next-to-lowest order corrections can be found in [45]. The strong coupling
constant a,(m.) can be derived from the ratio

(46)

T(x,—g9) 92 [1-—220,/n
I(x,—7vy)  8a? |1—16a,/37|"

Using E760’s value of ['(x, — gg) = 1.71+0.21 MeV [35], a value o,(m,) = 0.36+0.04
is obtained from the expression above. It should be noted that the lowest order
correction to the two photon annihilation rate of the x, is very large, [1 - 16a,/37] =
0.49 for &, = 0.3 and that potentially large relativistic corrections have not been
taken into account. A comparison of E760’s results with previous measurements and
with theoretical predictions appears in table 6. The branching ratio and partial width
are both significantly smaller than the theoretical predictions, indicating that higher
order QCD corrections and relativistic corrections are probably necessary to fully
understand this result.

Table 6: Comparison of experimental and theoretical results for x; — vy

L'{x, = 77) (KeV) | BR(x, —+~y) x10~*
Experiment
E760 0.30 & 0.08 + 0.05 15404402
R-704 [40]® 2915+ 1.7 1145 + 4
CLEO [42] | < 1.0 (95% CL)
TPC (43 < 4.2 (95% CL)
DASP [17] | < 1.6 (90% CL)
Theory
PQCD [45]* 0.70 +0.13
B.A. [39] 0.56
B.B.L. [46] 4.1+ 1.1 (£36%)

! Uses isotropic angular distribution and I'(x,) = 2.611% MeV.
? Using I'(x, — g9) = 1.711 £ 0.21 MeV.

8.12 7. — vy

The final data set for the reaction pp — 77 is shown in figure 17 for the region around
the 7, resonance. |cosf*| has been restricted to values less than 0.20 in this analysis
in order to maximize the signal-to-background. The resonance parameters obtained
from a preliminary analysis of this data are:

o(pp— 7. —yy) = 54.7 4+ 14.5 £ 9.3 pb (47)
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M =2989.9 +2.2 £ 0.4 MeV (48)
I'=155+6.846.4 MeV. (49)

Correcting the measured cross section for efficiency and acceptance:

BR(n.—pp)BR(n. —~vv) = (41.7 £ 11.2 4 7.5) x 1078 {(50)
BR(n.—yy) = (3.47 £1.49 4+ 0.63) x 10~* (51)
T(n.—~vy) = (5.4 £ 3.3+ 1.0) keV. (52)

The Particle Data Group [17] value of BR(n. — pp) = (12 £ 4) x 10~* has been used
to obtain the last two values.

8.13 Comparison of 1. — vy data with Theoretical Predic-
tions

The lowest order prediction for 7, ~ vy is [10]:

3a’ely | R(0)?
—Qw—-m. (53)

R(0) can be obtained from the leptonic width [52]:

I(n. — vy) =

D(I/% - e*e™) = 22 R0} (54)

Making the appropriate substitutions, one arrives at

I'(ge = vv) = %I‘(J/'a/: —ete”) =6.3 keV. (55)

Applying first order QCD corrections results in I'(7. — ¥v) =7.5 keV [49]. A compar-
ison of these results with previous measurements and with some theoretical predic-
tions appears in table 7. Unfortunately, the experimental results are not of sufficient
precision to differentiate between theories.

To lowest order, the expression for the hadronic width of the 7. is [47):

= a0 (56)

This can be related to the hadronic width of the J/:

I'(n. — g9)

40(r? — 9)

— 2T —e) 3 2
T(J/Y > 999) = —gzm— () (57)
When this is combined with higher order corrections [49] the result is
L(nc — g9) = (173 £ 10)I(J/¥ — gg9) (58)
or
T(n.) ~ (8.3+0.5) MeV. (59)
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Table 7: Comparison of experimental and theoretical results for 5, — vy

I'(n.—~7v) (keV) | BR(n.—~y) x10~%
Experiment,
E760° 3.6 2.0 +0.6° 3.5+£1.5+06
R704 [41] 675 +4
CLEO [42] 59773+ 1.9
TPC [43] 6.4759
PLUTO [50] 28 + 15
Theory
PQCD [45] 3.7+1.4
B.A. [39] 4.8

9 Conclusion

The first great strides in charmonium physics were made at ete~ machines where
the properties of the 17~ states were determined with good accuracy allowing for
the development and testing of a great many theoretical calculations. The next
great step has been the precise study of states with other quantum numbers in pp
interactions. Measurements of the x; and x; resonances have been made with a
precision not possible elsewhere. More importantly, the long sought after 1P, state
has been discovered. Good measurements of the 7, have been made, with better
measurements to follow when improved statistics are available.

The important experimental tasks which remain in charmonium physics have been
reduced to confirming the Crystal Ball’s result for the 7/ (or finding the 7’ elsewhere),
confirming the P, result of E760 and seeing the ! P; decay to another channel, ac-
curately measuring the 7., and discovery of the D-states. The next generation of the
E760 experiment at Fermilab, E835, will attempt to cover as much of this ground as
possible in 1995. Should SuperLear ever be built at CERN, much of its attention will
also be focussed on these issues.

Heavy quarkonium states are QCD laboratories. If the quarks are heavy enough
the bound system should behave more or less non-relativistically allowing a wealth
of information to be obtained by solving the non-relativistic Schrédinger equation.
Unfortunately, charmonium can not be treated as an entirely non-relativistic system
and relativistic corrections are often necessary. b5 bound states, on the other hand,
begin to approach a mass scale which is truly non-relativistic. Bottomonium poses a
much more difficult challenge to experimentalists than charmonium. The pp resonance
formation cross section scales as pZ2 of the 7 beam. States which are difficult to
produce at charmonium energy scales become even more difficult to produce in the
bb regime. A very high luminosity source of pp interactions along with a very fast,
very smart trigger will be required in order to have any chance at all of applying th1s
technique to bb physics. There are those who have already begun to contemplate such
experiments [53]. If they are successful, they will no doubt continue a long standing
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tradition of extracting detailed and fundamental physics from a thorough study of a
two-body bound state.
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Figure 6. QED vacuum polarization diagram.

Figure 7. Screening due to a quark-antiquark loop in QCD.

Figure 8. Antiscreening due to gluon loops in QCD.
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Figure 10. The E760 detector.
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Figure 11. Invariant mass distribution of electron-positron pair at theSF'1
energy for events passing a) the preliminary selection; b) the inclusive
selection where the electron and positron must both satisfy an electron
quality index ; ¢) the exclusive selection where the event must satisfy a
kinematical fit. The shaded area is the invariant mass distribution accu-
mulated off-resonance for an equivalent iuminosity (background).
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Figure 12. Excitation curve for the 3p resonance . The dashed line is
a typical beam energy profile at this energy.
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Figure 13. Excitation curve for the 3P2 resonance. The dashed line is
a typical beam energy profile at this energy.
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Figure 14. Invariant mass distribution of electron-positron pair taken at
a) the Yrescnance (~1 pb'1 of integrated il.{minosity) and b) near the
center-of-gravity of the SP states (~16 pb’! of integrated luminosity).

The shading in b} is described in the text.
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Figure 15. Cross section versus center-of-mass energy near the center-
of-gravity.



events/luminosity (pb)

I
[

i .40
[ g X'=32.2/23 df
I 230t
n
| 2 -+
=
30 + £ 20; ) N
g oo s
.E 10_ ........................................ EER s T TR
a
>
Q
so L 03857 3556 _ 3558
L vs (MeV)
o S S *
L s o LSRR
4 ’
Ol[]__ljll\llll!lllllilllllIllllllli]llllllljll
3520 3540 3560 3580 3600 3620 3640 3660 _ 3680
vs (MeV)

Figure 16. Two gamma cross section in the region of the 3P2 state.
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Figure 17. Two gamma cross section in the region of the 1Sostatoaa.



